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DFSIGN OF POWER-PLANT INSTALLATIONS
PRESSURE-1CSS CHARACTERISTICS OF DUCT COMPONENTS N\
By John R. Henry

SUMMARY

A correlation of what are belleved to be the most
rellable data available on duct components of alrcrarlt
power-plant instuallatlons ls presented herein. The in-
formation 1s given in a convenlent form and is offered
as an ald in deslgning duct systems and, subject to
certaln qualifications, as a gulde in estimating thelr
performance.

The design and performance data include those for
straight ducts; simple bends of square, clrocular, and
ellliptical crosa section; compound bends; diverging and
converging hends; vaned bends; dlffusers; brunch ducts;
internal inlets; ard angular placement of heat exchangers.
Examples are included to illustrate methods of applying
thess data 1ln ana’yzing duct systems.
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INTRODUCTION

The objectives in the design of an alrcraft duct
aystem are to rit the components of the system within
the avallsble space and 0 meet an air-flow demand with
8 minimum of energy loss. Analyses of duct systems are,
in general, made for one or more of the following
purposes:
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(1) Estimation of pressure loss in a duct

{2) Determination of rate at which air will flow
through a given duct syatem
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(3) Calculation of exit area regquired to obtaln a
desired rate of air flow through a given
duct syatem '

(L) Eveluation of airplane drag chargeabls to flow
through a duct system

Alreraft duct systems ocour 1ln an infinlte diversity
of forms but, for the purpoaesa of design and analysils,
must at present be treated as & serles of component parts -
such as bends, nozzles, and diffucers ~ for which design
and performance date are avallable. Analyses of duoct
systems are pgenerally atep-by~-stap procedures 1in which
changes in the energy end the physlical state of thLe
ducted alr are fnllowad progreeslvely from the free stream
ahead of the eirplane- through the succeeslve duct com-
ponents to the point of dischargze from the airplane.
Simplified procedures for making such analyases are given
in references 1 and 2, and a precise, rigorous methoad is
given in reference 3, Thesa references are primarily con-
cerned with analytical procedure and do not deel with loss
characterlstics of duct components.

A large amowunt of experimental data and some theo-
retical iLreatments of the flow In duct components exlst,
but the deta often appcar to .2 Inconsistent and some of
the theoreticel treatments «:2 contradictory. This lack
of sgreement 1s principsily due to inadequate consldera-
tlon of all veriables uffecting tlie flow characteristics -
a natural consequence of the undeveloped state of the
theory.

The purpose of this paper 1s to present, in simple
and conclse form, information useful for the enalysis and
design of duct systems for alrcraft power-plant instal-
lations. Data are presented on design criterions and
pressure-loss characterlstics of stralght ducts, duct -
bends of varlous cross-sectional shapes, vaned bends,
branch ducta, and several types of diffuser. Several
sxamples are presented to show methods used 1n analyzing
duct sgystems.

In the presant report the most rellable data avall-
able have beon used but some of these ddta are recognized
as questionable. In cases In which datu from diffoerent
sources are inoccnsistent, tha matsarial presented 1as,
as far as posgibls, a mean weighted by conasideration of
the conditions under which the results were obtained.
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In cases 1n which data for'a particular type of duct com-
" porient have been obtainable from only one source and were

therafore without adequate corroboration, these datz have -

been presented ror lack of better.

The flow characteristics of any duct component are
considerably af’ected by variations in the nature of the
upeireen flow; Zer the data presented the twpe of flow
is that genernted by a long straight plve. FBescause of
tkic atloct Aand the limitations or avallable data, the
presanl, dlscusaion of flow coefillelents for duct compo-
neniz js ab et to extension ané reviaion vhen mors com-
priacnzivo Aara hacome available. If the pressurs mRnd
volocily dstributizus of the flow at the irlet cf a
dv2s curgoenene are nvt uniform, thae taiel-prasegsaure loas
thiwr® whe compererts will be greates, thun would »e pre-~

dic.... =7 ver of ti:e sresent data, 3nuject to thicse
cus . l{inaclini-a, ths muterlal presonted 13 oiferva as a
gull i:2 derignlnug duet systema end estimatlicg ticir

periorrsuce; Lovwevar, for the atlalamert ol best performe
ancz, coudlena sreteme should de rafined by tests of
alrplane models 1ln wilnd tunnels or tests of duct systems_
in wtich the air flow 1s lnduced by blowers.

SYKPOLS fo

II:/ (9]
. I
A duct cros.-sectlional area, squars feot (\\'
a veloclty of sound, feet per second

Cr, 1ift coefflolent (L/gc)k

c length of vane chord, feet
D hydraulic dlemneter, fest  r ?Pt
L x Orogr-aoctlonal area of duct 4 .
Perinstar of duct Yo

d dlameter, feat '
F, compressibility factor (l + ]:_Lrlta + ﬁmh)

b9 friction fastor for straight ducts (&‘%{-%)
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gap or vane spacing, perpendiculor distance between
vane chordéds, feet
total pressure, pounds per sauare foot

height of dust (in case of bend, dimenslon in piane
perpendicular to plaus of bend), feat

arbitrary constant

bend-loss coofficient (AR of bend dlvidea by 4B
of ecuivalent constent-area band wiih 1dentical

inle t)

total~preasure-losa coeifficlent o1 diffuser exprecssed
ag frscticp >f loss due to sudaan xpansion

[%? of diffuser divided LYy (i -
: n.-l.-/

tee 4

1if't, pounds rer fcob of spen

axlal length ¢f duct, foet

Mach nuber (V/a)

mass rate of fiow, slugs per second

nur:ber of vuanes in duct bend

perimatar or duct cross sgsaction, fcet
staetic pressure, pounds per square foot
volums rate of flow, cublc feet per second
dynemlc presssure, pounds per squars foot (%pv?)
Reyrolds numbcr (pvD/))

radius, feeb \

Py t 1y,

mmesn readius of baad, feet ( >

~

temperature, °F absolute

velocity in duct, feot per second
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fres-atroam vealoclity, feet per second

 duet width {in cess of bend, dimens&ison in plane of

bend), feet o
absclasa and ordinate of standard coordinate system

engle cof attack in relatlon.to alr-sgtream direction,
deireoas .

erngle of duct bend, degraas

engle of Junctinn of duct and resistance unlt,
desress '

aenafly of air, =lucs psr cubic foot

absolnte viscosliy »& alr, pcuand-caconds per squere
foct

totai-gpres.ure loss, pouvuds per square foot

tctal-rressure Lose due to angle batveen duct and
resfigstance unlt .

ttevle-pressure loss, pounds par ncuste oot
cronze la temyavotur), °F
tatal vectb-r-volecity change, lzei per socernnd

one-n=1f equlvalent cornleal angle of expanaion,
degress

ore-half angle betwsen stralgat walls of partially
curved 3iffuscr, degraes

total-pressurs-lnss cnefficlent
radlus ratio

saspsct ratio »

Subscrigts:

a

b

inslide wall of bend

outslde wall of bend
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d diffuser

e exlt

T face

f1  flared inlet

b inlet

r resistance unit

X arbitrary scatlon
0 in frese streeam

1,2,3,... satations in éuct aystem
max meximum :

nin minimum
GENZRAL PARIRCIPIES O DUCT DESICN

8kin friction and flow sepa.,ation are tio fundamental
causgss of pressure loss in fully turbulent flow tlirough
any duct component. The lose 1n n glven duct calponent
Ifrom each of these causes is roughly vproportiional to the
dynamlc proscsurs of alr flow. 3Since the dynemic reasure
of the air flow 1a proportional to thoe =quare cf the flow
veloolty, the firgat baslc nrinciple iIn tks design of
efficlent ducts s tn» maintenance cf a low flow velocity
by thie uss of ducts of adequate slze. Tke Iimportance of
this »nrinciple may be lllustrated by noting that, rfcr a
glven rete of air flow, halving the dlareter of a circular
duct multiplies the valocitles by L; and tha losses by 6.

Altbhough skin frlection is the dominant ceuss cf
pressure losse 1n flow throughk stralgit ducts of constant
croas section, this pressure losa is small compared with
the l7sses that occur when the main 1'lowr ssparateas fron
the duct wallis and thus creates areas of reverss flov and
violent turbulence between the muin flow and tkhe duct well.
These areas requlre veloclties in the main stream higher
than are otherwlse necessary. The sacond basilc princlple
in the design of efficlent ducts, therefore, is the maxi-
mum reductlon of flow separation.
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- One type of flow-separation-occurs. when forces arise

in the air stream in a direction opposite to the direc-

tion of flow. Such & forece 1s the presaure rise (or
"adverse presaure gradient") produced by a deceleration
of the air flow - for example, the -deceleration of the
8lr flow in a diffuser. 'Tane rate of pressure rise that
may occur without producing flow separation depends on
the veloclity of flow near the duct well, because the
presgence of thick boundary laysrs of alow<moving air is
conducive to separatlon. ccmvoz-sel;f.,1 a deoreasling pres-
sure in the direction of flow (or a "favorable pressure
gradlient"), such es occurs in a nozzle, tends to prevent
separeation.

Changes of flow direction, as in bends, also glve.
rise to forces that tend to cause saparation of flow
Irom the inner surface of the bend. Surface roughness
or protuberances that cause local disturbances or re-
tardation of the alr near the duct wall aggravate condi-
tions of Inciplent separation. Screens or resistances
acrossa ths entire duct, on the othsr hand, tend to
stabllize the flow and oppose asperation by realsting
flow 1lncreases in the center of the duct at the expense
of the flow near the walls of the duct.

PROPERTILS AND DESIGN OF DUCT COMPONENTS

Pressure~loss characteristica and design criterions
of several typlcal duct components are gliven in fig-
ures 1 to 16. The total-pressure~loss coefficlent AH/q,
a ratio of loss 1In total pressure to dynamic pressure at
the entrance to the duet component, has been given di-
rectly wherever possible; in all other cases, coefflclents
are glven from which the pressure-loas coefficient can
be computed.

Straight ducts of uniform.cross section.- The '
presasure~-loss coelllclent for stralght duots of uniform
cross section 1s given by the relation

AH _ , 1
: T-hﬁf : (1)

The friction factor I varles with the character of the
dust ‘surface and the Reynolds number based on mean air
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veloclty and the hydraulic dlameter of the duct. Values
of f obtained from figure 51 of reference 4 are plotted
against Reynolds number in figure-l. Data in figure 13
of reference 5 agree closely with valuss in figure 1.
Determination of the Reynolds number is facilitated by
supplementary curvea obtalned by plotting the retio of
mass rate of flow to duct perimeter against Reynolds
number for & number of alr temperatures. The kinetic
viscosity of the alr used in constructing the supple-
mentary curves of flgure 1 was determined by Sutherland's
equation as presented in reference 6.

A typical value of AE/q for straight alrcraft

ducts 1s 0.02%, which 1s usually inconsequentlal com-

pered with other parts of the system, and the loss in
sectlons of straight ducts 1s generally neglected. Long
winding ducts of small dlameters, such as cabin-heater
ducts, asre sometimes treated as straight ducts of higher
than average pressure loss duvue to friction. The us~ of

AR _ l

is recomnendsd in reference 7.

90° bends of constant-area rectangular cross sec-
tion.- Pressure-loas coellliclents o U bends of
constant-area and rectanguler cross section given in
filgure 2 for three values of Reynolds number based on
hydraulic dlameter are derived from data appearing in
references 4 and 8 to 12. The beneficial effect of
large radius ratio appears throughout the range of R
but the optimum aspect ratio shows a marked change with
Reynolds number.

90° bends of constant-area elliptical cross sec-

tion.~- Pressure~loss characteristics of 200 bends of
constent-area elliptical cross section are given in fig-
ure % for three values of Reynolds number. The data
include circular ducts as o speclal case and were derived
from data in reference 5. The benefits of large radius
ratlo and the existence of an optimum aspect ratlo are
noted for the bends of constant-area elliptical croas
sectlon as well as for rectangular bends. The effects of
Reynolds number are nuch less for bends of elliptical
cross sectlion than for bends of rectangular cross sectlon
and appear malnly for the bends of high radius ratio.
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0° bends_of changing area.-~ Significant data (de-
_rived irom fETerence’lei concerned with the reletlon of

" area chirige Yo 'the loss-in 909 bends of- & particuler . .
geomatry are shown in figure L. In-this figure the ratio
of loas in a tend with changlng area to that in a benad:
with identical inlet form but constant area 3s plotted
against the ratio of entrance width to exit width of the
nonuniform bend. Important reduction of loas in con~ -
verging bends and serlous Increases in loss in diverging
bends are noted; the loss increases are particularly
serious for bends of small radius.

Simple bends otker than 90°.- No satisfactory corre-
lation hLas been made oL aata Ior variation of preasure-
losa coefficioent with angle of bend. Pressure lozs of
L45© bends can apparently vary from one-third to two-
thirds the loss of a similar 90° bend, according to the
test condltlons.

Compound bands.- Pressurse-loss coefficlents for three
types of compcund bend (fiz. 5) derived from reference §
are shown in flgure 6. Inasapuch us differences in the
losses between the U-, %Z-, ané 90°-offaet bunds anpear
from refersnce 5 to be swmall eand inconsisatani, tne curves
preseanted are averages cof rosulta for the three types of
bend. There eppears to te l!'ttle vari~tion of loas with
Retriolds nuuber. Introduction of a 5-~foot specer betyeen
the two parts of the compound bend has relatively little
effect on the over-all losa but tends to glve higher
values for optimum asprct ratio. 4L comparison of the
180%-bend (U-bend) data of figurs 6 wlth tha S0°-bernd
data of filgure 2 shows that the relstive loas varles to
a marked degree with the radlus ratio and aspect ratio
of the bend.

Effects of surface roughness on band losses.- The
effect oI surlface roughness on the loases Ir atraight
pipes has already been glvan by the curves of flizure 1.
A study of pressurs-loss data for bends of ‘angles from
309 to 9CG° and radlius ratios from 1 to 6 (rafcrence 11)
indicates that the 1influenoe of aurface roughness on the
loss 1n bends, and presumably of other duct components
. in which major flow disturbances arise, 1s vsry much
greater than can be attributad to the increase in skin
friction at the mean veloclty cf flow. Analysis of tae
data in reference 1l suggests that the ratis of losses
through two bends, identical except for surface roughness,
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1s equal to the 1.75 power of the ratio of friction
factors; that 1is, ,

(..E) ( )1.75 (2)

(The subscripts 1 and 2 in this equatlion are usad to ce-~
note the two benrds of diifersnt surface roughness.) Thae
exponent greater than unity can ba explalined by the fact
thet any deviatlon from a uniform velocity distributlon
because of extensive boundary-layer separation or the
existence of secondary flows would require that some of
the flow be at velocitles greater than the uniform
velcclty. Equation (2) wculd not, therefors, be expected
to apply for & duct component mot lnvoiving extensive
secondary flows or separation.

Equation (2) can be usad to correct the bend-loss
data of thils report to values correspcending approximately
to flow through duct bends with rough surfaces. The
total-pressurs-loss coefficlent for smooth-surfeace bends
can be determined from the datu curves of figures 2 to HY
and €. The curves labelzd “"Smooth surface" 1in figure 1
are used Lo detewmine the Irictlion fuctor for smcoth-
surface berds. A rerresurtative value of frletion factor
for rcugh surfeaces ccrrzsponding to duets in prcducrion
alvplanes with thk3 usuel manufacturling irregularitles
is L.0O1

Vanad bends.- Vanes may often be advantagoously used
in duct berds, espscially when an unfavorable radlus ratio
or asypect ratioc must be tolerated bucause of some limi-
tation peculiar to the particular design. A correctly
designed vans fnstalietion wili improve the veloclty
distribution at the exit of the bend and will generally
redrice the prassure losases through the bend. The raduc-
tion in »ressare losss arises from the fazt that the flow
in a good vaned-turn inatallatlon approaches that fiow
which would oceur 1T the passage were divided 1luto
smaller prnasazss of the same depth out shorter width and,
consecuenily, of more favorable aspsct and radius ratlos.
Yhen more than threa venss are used, practical considera-
tlons usually require a bend with evenly spaced vanesa and
equal inner and outer radili. The value that these radii
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--may attaln 1s usually limited by the space requirements.
Flgure 7 shows an installation of thin circular-arc vanss
and defines the variables concerned in the design of such
a vane instrllation. The vansa are equal in radius and
chord to the curved portion of the duct surface. From
figure E.it can be seen that the chord ¢ 18 equal to

2" -

2r sin

| From material given in refsrence 1ll, ths following
expression for the number of vanes required can be derived:

_ 2 AVwy N
il A

The quantity AV 13 the vactor difference of the veloc-
1ties upstream and downatream of the bend, a&s 1llustrated
in figure 7. For a given bend configuration, therefore,
the number of vanes depends on the 1ift coefficlent at
which the vanes are to operate. If too high a 1lift coef-
filclent is assumed In determining the number of vanes
required, high losses and a poor velocity distribution
dovnstream of the bend will result. An assumed lift coef-
ficlent that 1s too low willl rasult in too mary vanes and
the total-pressure loss through the bend will again be
excessive. keference 9 indicates that, for thin vanes
instelled in a 90° bend, use of a lift coefficlent of 0.8
gives approximately minimwum losses and a satisfactory
veloclity distribution. It 1s not known whether C;=0.8

is the optimum for thin circular-arc vanes for bend
angles other than 90°, but a study of reference 13 indl--
cates that use of this value in designing bends other
than 90° bends should give satlisfactory results. Results
given in reference $ show thet for a zg° bend the angle
of attack of the vanes a should be L8°, or 3° more than
half the angle of bend. For other angles of bend, the
amount by which.the angle of attesck excesds half the
angle of bend might be adjusted proportionately teo the
angle of bend as g first approximstion; that 1s, for a

45% bend, en angle of attack of 2L° would be indicated.

For a 90° bend with inlet and outlst the same in
area and shepe, equation (1) reduces to

¢

n=§5§-1 (3)

| e SR ILY, AN U R SRR R |
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By ualng the value of Cy, = 0.8 for thin vanes, equa-
tion (3) becomes

n= ééi - 1.

r/w

Results for vanes which have two different thicknesa
distributlons applled to mean lines approaching a circular
arc are given in reference 9 and show -that, for the opti-
mum vane installatlion, the loss coefficient Aﬂ/h' is
about 0.25, a value relatively insensitive to vane thlck-
ness. For vane installatlons other than the optimum,
the losses are higher and vary considerably with the pro-
fi1le of the vane. The angle of sttack for thlick vanes
1s approximately the same as for the thin circular-arc
vanes and small variatlions from the optimum angle of
attack do not apprecisbly affect the pressure loes. Values
of C; from 0.9 to 1.0 may be used in determining the
optimum number of these vanes to be used.

Thin vanes of noncircular prcofile, which are suitabls .
for installation in bends of equal inlet and exit cross- -
sectional areas, have been developed theoretically by
Krdber (refersnces ¢,10, 13, and 14). Profiles for these
vanes are given in table I end figure 8(a). Tests (ref-
erence 13} indicated that installations using a vanas of
the type ceveioped by Krdber are very efficient, as shown
by the low loasses glven in figure 8(b). The required
number of vanes for a given inatallation can be deter-
mined directly from the chord length and the gap-chord
curve of figure 8(b). The bresk in this curve between
angles of bend from L5° to 60° is appearently & result of
the methods used 1ln developing the profiles. References 9,
18, and 1B give specifilc data only for angles of bend of
308, 145°, 60°, and $0°.

Diffusers.- Losses of straight-well diffusers of

circular cross section may be computed from the curve of
figure 9, which was derived from figure 10 of reference 15
and figure 1 of reference l§. Thse loss coefficlent 1is
glven by the relatlon

AR _ 1..A_di U_I.)
q 2<: éde



L]

NACA ARR No. LLF26 13

where ks 1s the quantity plotted in figure 9 ageinat

the" equivalent-conloal-angle of expansion. .The loss due
to an abrupt expansion 1s obtained from equation (L) by
taking k,; equal to unity. To & limited extent, the

loases of diffusers of moncircular croas section, particu-
larly those of squars cross section, are apProximated by -
the loss of an "equivalent conical diffuser' .-which has a
oircular croas section and of which the length, the inlet
area, and the outlet area are equal to thoss of the non-
circular diffuser. !

The most efficlent straight-wall diffusers are shown
in figure 9 to be those of equivalent cornical anglea of
expansion between 3° .and 10°., Frequently, however,
because of restrictions on the length of diffuser, 1t 1s
necessary to diffuse at angles higher than 10%. Curved-
wall diffusers (refersnces 14 and 15), such as the design
shown in figure 10, have been.found to have appreciably
higher efficienc’es than straight-wall diffusers, esape-
cially at high angles of expanslon. The psrformance for
this type of diffuser 1s alsoc sihown in figure 10. At the
higher angles of expansion, ths lower pressure lossas are
obtained by diffusing gradually in the first part of the
diffuser and more sbruptly in the last rart in order to
delay the separaticn point in the flow. Tests reported
in reference 1% shocw no gain when the angle 29 1s magde
greator than L09. Otner sources (unpublished; indicate
thet,. 1f the angle 29 1is zreater than 60°, large losses
will occur. :

Diffusers followed by resistance unlts, such as
intercocclers; are subject to lower presasure losses at
high angles of expansion than are indlcated in figure 9.
An experimental investigation to determine thke shapes of
ciroular diffusers for highest diffuser efficlencies in
diffuser-resistance combinations ia reported in ref-
erence 17, Figure 11 i= a sketch of the optimum shape
and a plot of the included angle between the straight -
walls of the diffuser 2¢ agalnst the equivalent conlcal
angle of expansion 26. The values of 2¢ are those
values that gave the hlghest diffuser efficiency. The
80lld and long-dash curves of figure 12 show the pres-
sure ' losses Iin terms of the. loss due to sudden expansion
for diffusers deslgned according to figure 11. The
short~dash curve of fipure 12, which 1a an extension of
the curve given in figure 9, applies to stralght-wall
eircular diffusers not followed by resistance and 1is
shown for comparilson.
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ﬁgafgh gg%pg.- The problem of taking branches from
a maln alr duct resolves into division of the maln air
atream and diversion of one or more of the consequent
subdivisions of the maln stream. Division should be

made as nearly as possible on a basls of relstive air
flows and 1s best accompllshed with dividers or splitters
of rather blunt-nose alrfoll shape, auch as the NACA 0021
alrfoll section. (See fig. 13.) Enlargemeant of cross
sections lmmedlately downstream of the roint of divi-
glon and in bends 18 to be avoldod. Intrances to branch
ducts should be normal to the air flow. Plpgure 13 illus-
trates tl:a application of theso jrinciples and shows the
division of the wain stream, the diverslon of one atream,
and the subseguent subdivislion of the diverted stream.

The internal-duct inlst 1as a special problem associ-
ated with branch ducts. The 1lnlet of a duct that taps
elr from a chamber 1n wiich the air 1s essentlall
stagnant ls known as an internal inlet. Flzgure 1 shows
several examples of such inlets with accompanylng repre-
sentatlive values of pressurs-loss coefriclent taksn from
reference 1l1l. The desicns subject to the lemst pressure
losses are the flared entrances, partlcularly the design
using a lemniscate. The equation of the curve in polar
coordinates ls -

?2 = 2K2 cos 26

The .part of the lemnliscate used ln. the inlet desizn ex-~
tends over & range of 0 frum 16° to L5° (rfig. 1l).

Flow~resistance units set at angle to upstream duct.-
The méeting &t &n angle ol the Inccm%ng alr with the [ace
of & resistance unit causes a total-vressure loss that
depends on the emount of engle, the eofficlency of the
resistance-unit core in its sctlon as a turning vane, and
the alr-stream velocity. Data on these losses, from which
the curves of [lgure 15 wepre cderived, were obtalined from
reference 18 and from the Wright Aeronautical Cornoration
and the Naval Alrcrsft Factory. The data apply to inter-
coolers, circulesr oll coolers, and & viscoua-impingement
type ol alr fllter. The geomstry of the ducts and
resistances is also shown 1in figure 15. The curves
indicate that the pressure loss is simllar to the pres-
sure logs of a duct bend in that. the aspect ratio of tae
resistance-unlt alr passages 1s a controlling. factor.
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ILLUSTRATIVE EXAMPLES OF DUCT ANALYSIS

e, .- .- e e e a .

e Several examples 1llustrating the calcéulation of-
preasure loss, alf flow, exlt area, and internal drag
for duct systems I and IV of figure 16 ars glven in-
tables II to 1IV. Eaoh. of the hypothetlcal duct systems
shown in figure 16 adheres to the same gensrzl space
requirements and has spsover-all inorease in the cross-
sectional area from square foot at statlon 1 to N G-Z
3.0 square feet at‘s%ation 6. fThe selection of the ™
pressure-loss coefficlents is 1llustrsted for system I
in teble II. 8Step-by-step computations for sjs%ema,l
and IV are given in tables III and IV, and the pressure~-
loss distributliona ol the four systems are compared in
figure 17.

Duct aystem I (flg. 1§) waa deslgned according to
the two baslc princlipies of dvct deslgn set forth in the
section entitled "General Principles of Duct Design.”

The high-veldclty air at station 1 is ezxpaanded in a -

diffuser having an equivalant conlcal angle:of expsnsion
of 79, whici: 13 shcwn in flgure ¥ to be eubjJect to mini-
rmur presaure icsses., The diffuser is followed by a well-

. rounded $0° bend cf constant cross-sectlonal area. The

rest of tha diffusion is accomplished at a higher rebe
in a diffusnl-. Laving ea egu.valent conilcal engle of 1%.8°,
althougch ths rate of axpansion is high In che secona
diffuser, the loss 1s not excessive bacause of the low
dynamic prossure at the entrunce. The second 90° turn

1s quite sharp but does not causa a larre »ressure loss
because of the low-velocity air. Duct systen II (fig.16)
was designed so that nart of the .crea expansion 13 accom-
plished in the first 90° bend. Duct system III 1is an
oxample of & compromlse whlch emphaslzos more than
aystem I the principle of having low flow velocltiles.

"‘The low flow veloclty 1s obtalned by diffusing at a

hlgher rate of expansiorn. Duct systems III uand IV repre-
sent opposlte extrémes in rolation to the initial expan-
sion of the alr. 1In system I1I tha expeansion is accom-
plished rapldly in a diffuser having an equivalent
conical angle of 16° located upstream of the first bend;
in aystem IV all the exransion 1s accompllshed betwean
the two 90° turns-with the area constant- from‘stations 1

to 3. -

The duct aystems were assumad to be installations
in an airplane flyling at sez level in Army summer air at

5%7

v
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a true alrspeed of [00 miles per hour. For simplicity,

the total-pressure losses Irom the frse stream to station 1
were assumed to equal the pressure rise given the air by
the propeller; therefore, the total pressure at station 1
1s equal to the Iree-streem total pressure. The acdia-
batic tempereture rise from tre free siream to station 1
wes calculated by use of the followlriz equation from ref-
erence 2:

‘IO
ATy,1 = 0.832 100) (100 (5)

The total-pressure loss through each duct unlt was calcu-
lated from the curves of thls report as lllustrated 1ln
teble I1 for system I. Tha compresslbllity corroction

to the dynamic precsurs was neglocted except et stetlons O
and 1 beceuse of the lnow veloclties, The following equa-
tion (from reference 19) was used to cslculate the com-
pressibility factor P, at stations O and 1:

v
sl ( v (%)

The temperature from stetiona 1 to 5 was assumed constant
beceuse the systems contalned nc heet exchengers and tne
statlc-pressure chcngas were insuffliclsant to cause slg-
nlficant changes 1n temperature. With the feoregoing con-
ditlons and assumntions, the rroperties of the ali~ st

- sach station were calculeted as shown in tables III

ana IV.

The total-pressure losses for ecach gystem are plotted
agalnat the duct stations in figure 17, In which system I
1a shown to be thz most efficient.. Ths hign lossses asso-
clated with bends of increasling cross-sectlional arees are
varified by the curve for gsystem IT. The curve for sys-
tem III emphasizes the Importance of efijclently dif-
fusing the high-veloclty &air even at the experise of
greatsr bend losses, providing the tend desipgn 1s rea-
sonably good. The data fer system IV 1lndlcate the
Importance of efflciently reducing the alr veloclity as
soon as posslble sven in those cases ln which the effl-
clency of some of the [ollowlng units must be reduced.

The calculations for syastem I Lave been axtended
to illustrate the method of obtalning alr flow, exit
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aree, and internal drag. Bzcause the calculation of pres-
“subeé” driops “across heat exchangers 1s.a.problom.outaids

the scope of this report, tiis heat-exchanger pressure drop
13 not ccnsidered in the suosequent discussion. The
nature of the calculation is ir no way affected by this
sinplislecatior,, bnut the reasuitant drag, internal-drag
power, and exlt ares will consequently be much too small
to be representative. A well-desipgned oxit duct was
aasumed to extend from statlon & to station 7, ths exit,
and the total~pressure losses in this contracting section
wore adsumed to be nezgliglble. Several mass air flows
through the system were assumed and the estimated total-
pressure losses, oxlt veloclty, exit area, and internal-
d"ag horsepower were evaluated for éach alr flow. The
statlic pressure at the exlt was assumed to equal the
statlc pressure of ths free stream; the temperature drop
asacciuted with ths drop in stutic pressure from station 6
to tre exit at stablcn 7 was @sswnrd to be adlabatic.

The followinzy equation exprasses thls adisbatic relztion:

T6"'T7=AT

0.286
"'Ts'! 1-( )

The exit veloclty V. was calculated b; gubstitutlng

AT, aad V in ecudtlon (5). The caleculetlons Jor a
muss alr flow of 0.109 adug peri sscoad Are surmacized — SARQIEIED
in teble III. Th> Intarnal-drag horesapower zuvsed by

the momentum deficiency of the dlschenged als and thre
exlt arees requlired to obtaln certuln macs fiows through
the system are plaited agelnst maas air flcw in figure 18
From tiiese curves ihe exit erea requirued for a glven inass
-flow or, conversely, the mass flo® ccrcesponding to a
glven exit ares, may be determinsd. If a heat excheanger
had been inclucded in the foregoing arrangement,, the
pressure dro) acrocs 1t, the rise ln cooling-alir tem-
perature through 1%, and the resultent deusity changes.
would have had to be taken into account.

COXCLUDING REMARKS

The pressurs loss through a duct component is.uf-
fected by vthe nature of the enteriing flow and, when
unsymmatrical velocity distrioutiors oacur, tie
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pressure-loss coefficlonts are higher than those given
herein for conditions of unitorm flow. This considera-
tion ralsea the question of the accuracy wlth which the
over-all losses for a duct aystsm can be pradicted by
summation ol component losses obtalinsd from the meterial
in thls report. As yet. no sstisiectory answer to this
ques tion exists, but this lack ol data in no wey impairs
the usefulness of the materilal contalned heroin for de-
slgning duct esystems for a imlnimum of loss.

Although the pressure losses in a well-designed duct
system should ts small compared with the unavoldable
heat-axchsngcr pressure drop, the margin of pressure
avallable over prossure required 1s very small, partica-
larly for full-power climb; and 8limlnaution of unnecesssary
duct losses often makes the difference betwsen an accspt-
able and an unacceptable lnstallatlcn.

Langley Memorial Aeronautlcal Ladvorstory
Natlional Advisory Committee for Aercnautics
Langley Fleld, va., Xay 13, 1oLk
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TABLE I.- ORDINATES FOR KRﬁBQR VANE PROFILES

Y/c e =
x/c
90° bend | 60° bend | 45° bend | 30° bend

0.08, 0.000 0.000 0.000 0.000
-05 -087’ -0,.{.1 ----------
.10 154 074 0Ll 031
15 .200 100 | memmem | aeeea
.20 .256 12h 075 051
o2 .2k2 ) Ko DR (SPRUA R
o3 2&7 . 25 .09 067
. 5 -1 l ----------
.En .166 .105 071
A5 .285 1A | emeem | memea
.50 273 .16l 103 071
<55 260 157 | eemem ) ae---
60 242 .151 09L .087
65 219 dh2 | mmeee | accas
.192 .129 078 055
g 167 B e s e
0 127 .0%96 058 043
.1oh 0T2 | mmmmm | meee-
-70 -O{l QOhB .030 -021’.
»95 ,037 026 | mmeme | eeee-
1.00 0G0 000 000 Jvo

NATICNAL ADVISCRY
COMMITTEE FOR AERONAUTICS



TABLE II.~- ESTTMATION OF TOTAL-PRES3URE-~LOSS COEFFICIENTS FOR DUCT SYST%k I =
[Mass flow = 0.109 slug/sec; temperaturs = 58)4.L° F abs|| E
T~ o>
gg;zigi Etgﬁon Controlllng paraetors Calculated values ;:’3
- ————— —_ b
Duct component, rectaagular diffusers 2
Ciffuser |(Initiai- |®inal- Diffuser Diffuger E
equivalent|station |stailon coefficlent, |total- o
conical cross= cross~ ko pressure- o
angle cf |ssctlonal|scctional 1 8) loas
expanslon, |ares, areua, (rig. coefficlant, '
[y di ae q . !
(cegi (sqft) | (83 It) (1) |
1 2 7.9 0.250 G.515 - 0.1390 - 0,03l
N 3 I 13.8 | 515 2,900 207 .13}
Duct component, 90’ rectangulsr bends ;
Bend 3ead Moss flow |Rewvnnlds Bend total- |
aspect raclus imater’ |rtumber Presasure-losg
ratio, ratio, Perm/_; °r R ’ coaffioient,
L/w T/ v slug/sec (fig. 1(b})) AH/q
| _ ( rt _—) (lig. 2)
2 3 1.0 3.00 0.6336 372,000 0.069
N 5 1.0 .78 .0158 | 155,000 . .500
1 F Lela ENME - 1 é—g = Kknq - .-dﬁ-
Diffuser totsl-pressnrz-loss coefficlent 3 k ( Tds R

NATIONAL ADVISCHY.
COMMITTEE FOR AZHONAUTICS
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NACA ARR LiF26 %

DESIGN OF POWER-PLANT INSTALIATIONS
PRESSURE-LOSS CHARACTERISTICS OF DUCT COMPONENTS
By John R. Henxry

June 1944

Pages 8 and 9 and figures 2, 3, and 6 have been corrected to inclule a
calculated friction loss in the over-all loss coefficient for the
bend. The corrected pages are attached to replace the corresponding
pages and figures in the original version of this paper.
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velocity and the hydraulic diameter of the duct. Values of f obtained
from figure 51 of reference 4 are plotted agesinst Reynolds number in
figure 1. Data in figure 13 of reference 5 agree closely with values in
figure 1. Determination of the Reynolds number is facilitated by supple-
mentary curves obtained by plotting the ratio of mass rate of flow to
duct perimeter agaeinst Reynolds number for a number of air temperatures.
The kenetic viscosity of the air used in constructing the supplementary
curves of figure 1 was determined by Sutherland's equation as presented
in reference 6.

A typical value of AH/q for straight aircraft ducts is 0.02 %,

which is usually inconseguential compared with other parts of the system,
and the loss in sections of straight ducts is generally neglected. Long
winding ducts of small diameters, such as cebin-heater ducts, are some-
times treated as straight ducts of higher than average pressure loss due
to friction. The use of

is recommended in reference 7.

90° bends of constant-area réctangular cross section.- Pressure-loss
coefficients of 90° bhends of constant-area and rectangular cross section
given in figure 2 for three values of Reynolds number based on hydraulic
diameter are derived from data appearing in references 5 and 8 to 12.
The data of reference 5 are presented as a2 loss coefficlent chargeable to
turning which was obtained by subiracting from the measured over-all loss
of the combined approach duct, bend, and tail pipe a calculated friction
loss for the approach duct, bend, and tail pipe. All the bend data pre-
sented herein have been reduced to an over-all loss coefficient for the
bend proper, or the data of reference 5 restored to an over-all loss by
adding in the calculated friction loss of the bend. Figure 2 indicates
that increasing the radius ratio beyond a value of about 2.00 yields no
further reduction in loss, and that the optimum aspect ratio varies
markedly wlth Reynolds number.

. 90° vends of constent-area elliptical cross section.- Pressure-loss
characteristics of 90° bends of constant-area. elliptical cross section
are given in figure 3 for three values of Reynolds number. The data
include circular ducts as a special case. The same general effects of
radius ratio and the existence-of an optimum aspect ratio are noted for
the bends of constant-area elliptical cross section as well as for
rectangular bends. The effects of Reynolds number are much less for

. ‘bends of elliptical cross section than for bends of rectangular cross

section.

' NACA-Langley - 11-24-52 - 330
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90° bends of changing area.- Significant data (derived from
reference 11) concerned with the relation of area change to the loss
in 90° bends of a particular geometry are shown in figure 4. 1In this
figure the ratio of loss in'a bend with ¢changing area to that in a
bend with identical inlet form but constant area is plotted against
the ratio of entrance width to exit width of the nonuniform bend.
Important reduction of loss in converging bends and serious increases
in loss in diverging bends are noted; the loss increases are par-
ticularly serious for bends of small radius.

S8imple bends other than 90°.- No satisfactory correlation has
been made of data for varlation of pressure-loss coefficient with
angle of bend. Pressure loss of 45° bends can apparently vary from
one-third to two-thirds the loss of a similar 50° bend, according to
the test conditions.

Compound bends.- Pressure~loss coefficlents for three types of
compound bend (fig. 5) derived from reference 5 are shown in fig-
ure 6. Inasmuch as differences in the losses between the U-bends,
Z-bends, and 90° offset bends appears from reference 5 to be small
and inconslstent, the curves presented are averages of results for
the three types of bend. There appears to be 1little variation of
loss with Reynolds number. Introduction of a 5-foot spacer between
the two parts of the compound bend increases the over-all loss appre-
clably due to the added friction losse. A comparison of the 180° bend
(U-bend) data of figure 6 with the 90° bend data of figure 2 shows that
the relative loss varies to a maerked degree with the radius ratio and
aspect ratio of the bend.

Effects of surface roughness on bend losses.- The effect of sur-
face roughness on the losses in stralght pipes has already been given
by the curves of figure 1. A study of pressure-loss data for bends
of angles from 30° to 90° and radius ratios from 1 to 6 (refer-
ence 11) indicates that the influence of surface roughness on the
loss in bends, and presumably of other duct components in which wmajor
flow disturbances arise, is very much greater than can be attributed
to the increase in skin friction at the mean velocity of flow.
Analysis of the data in reference 11 suggests that the ratioc of
losses through two bends, identicel except for surface roughness,

NACA-Langley - 11-24-52 - 350
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Figure 6 .~ Concluded.
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